δD and δ 18 O of natural waters with δ 18 O ranging from -24 to -6‰ were measured using a cavity ring-down spectroscopy (CRDS) in order to confirm that the CRDS method can be an alternative to conventional isotope ratio mass spectrometry (IRMS). The deviations of δD and δ
urements (e.g., Lis et al., 2008; Maruyama et al., 2013) , but sometimes notice specific problems such as interferences of infrared absorption spectra and treatment for high-salinity water (e.g., Munksgaard et al., 2012) . It is necessary to continuously examine practical performance of the LAS techniques by use of various environmental water samples for researchers not only using the LAS techniques but also mainly using the IRMS techniques.
In this study, we compared analytical results obtained by a CRDS instrument with those obtained using a dualinlet IRMS instrument in order to investigate whether the CRDS technique is sufficiently reliable as an alternative of the IRMS techniques for measurements of the water isotopic ratios of natural water samples having δD and δ
18 O values ranging from -180 to -35‰ and -24 to -6‰, respectively.
ANALYTICAL PROCEDURES
A Picarro L2120-i Cavity Ring-Down Spectrometer coupled with a CTC LC-PAL liquid autosampler was used for simultaneous measurements of water isotopic ratios at Research Institute of Humanity and Nature (RIHN). Principles of the CRDS technique are described in the literature (e.g., O'Keefe and Deacon, 1988; Kerstel, 2004) . Water samples were filled in 2-mL vials. The vials were covered with plastic screw caps with PTFEsilicone-PTFE septa (manufactured by National Scientific Company). 1.8 µL of water samples were taken using a SGE 10-µL microliter syringe, and injected via a
INTRODUCTION
Recently, laser-absorption spectroscopy (LAS) for measurements of water isotopic ratios (i.e., D/H and 18 O/ 16 O ratios) of water samples is developing rapidly and becoming more popular as alternatives to isotope ratio mass spectrometry (IRMS) Wassenaar et al., 2012) . Two types of LAS techniques, namely, an off-axis integrated-cavity output spectroscopy (OA-ICOS) and a cavity ring-down spectroscopy (CRDS), are currently available for measurements of water isotopic ratios of natural water samples (e.g., Kerstel et al., 2002; Kerstel, 2004; Lis et al., 2008) . The two techniques have some advantages over the IRMS; low cost, benchtop size, and low requirement of regular maintenance. Moreover, as demonstrated in the international Water Isotope Interlaboratory Comparison (WICO2011) organized by the International Atomic Energy Agency (IAEA, Vienna, Austria) in 2011, the quality of the LAS techniques is comparable to that of the IRMS technique Wassenaar et al., 2012) . However, some researchers still tend to trust analytical results obtained using "conventional" IRMS techniques rather than those obtained using this "new" LAS techniques. They generally agree with above-mentioned advantages of the LAS and its acceptable precision of the water isotopic meas-silicone septum (manufactured by Restek Corporation) into a sample vaporizer (a Picarro V1102-i vaporization module) where temperature was kept at ~110°C. Nitrogen gas (>99.995% N 2 ), whose pressure was set to 0.015 MPaG (gauge pressure), was used as carrier gas of water vapor from the sample vaporization module into the optical cavity (R. Uemura, personal communication). According to slight changes in the nitrogen gas pressure (0.014-0.016 MPaG), the injected water concentration in the optical cavity can range from ~18,000 to ~21,000 ppmv. However, unlike the OA-ICOS instrument (Maruyama et al., 2013) , measured values showed no obvious dependence on water concentrations in the optical cavity within the above the concentration range. Each sample (i.e., each vial) was measured 6 times, and its analytical results were calculated from the last 3 measurements to minimize inter-sample memory effects. The standard errors (1σ mean ) of δD and δ 18 O of each sample, which are defined as internal errors of the CRDS in this study, are typically less than ±0.2‰ and ±0.1‰, respectively. The 1σ mean values of δD and δ 18 O of 3-repeated analyses of the single sample (i.e., external errors) were typically less than ±0.3‰ and ±0.1‰, respectively.
The same water samples were measured using a dualinlet IRMS (Thermo Fisher Scientific Delta V Advantage) with a H-Device (H 2 O reduction system) and a CO 2 -water equilibration system (manufactured by Nakano Electronics Inc.) at RIHN. The reaction tube filled by Crpowder (~30 mesh, 99% pure, Thermo Fisher Scientific K.K.) was heated at 800°C for the H 2 O reduction. The volume of a water sample was 1 µL, injected by a Hamilton 1.2-µL microvolume syringe. The reaction period was set to 60 seconds. For the oxygen isotopic measurement, 2 mL of each water sample was filled in a grass flask (~25 mL in volume), and shaken in a water bath for CO 2 -water equilibration at 18°C for 8 hours. The 1σ mean values of δD and δ 18 O of repeated (3-5 times) analyses of the single sample (i.e., external errors) were typically less than ±0.2‰ and ±0.03‰, respectively. On the other hand, the 1σ mean values of δD and δ 18 O of the analysis of each sample (i.e., internal errors) are less than ±0.1‰ and ±0.02‰, respectively.
Five working standards distributed by Los Gatos Research, Inc. (hereafter abbreviated as LGR-WSs) were used for calibration of analytical results. In addition, three laboratory working standards prepared at RIHN (commercially bottled water called "Azumino", the ultra-pure water produced from tap water at RIHN, and commercially desalted deep-sea water called "Amami") (hereafter abbreviated as RIHN-WSs) were also used. The water isotopic ratios of RIHN-WSs were determined using the dual-inlet IRMS at RIHN, and the three international reference water samples (VSMOW2, GISP, and SLAP2) were used to calibrate the RIHN-WSs. The values of the water isotopic ratios of the LGR-WSs given by LGR and the analytical results of the water isotopic ratios of the RIHN-WSs are summarized in Table 1 .
The analytical results were calibrated using a set of three working standards whose water isotopic ratios were expected to be close to those of the water samples. The three working standards were analyzed before and after a set of the samples (6-9 samples for δD and 7 samples for Tables 2 and 3 .
The values of electrical conductivity and pH of all water samples were measured using Horiba B-173 and Horiba B-212, respectively (Tables 1, 2, and 3). All water samples were clear, colorless, and odorless.
RESULTS AND DISCUSSION
The water isotopic ratios of seven Japanese bottled waters (hereafter abbreviated as JBWs) were analyzed using the CRDS and IRMS methods as the first step. The δD and δ
18 O values obtained using the IRMS method were calibrated with the RIHN-WSs. In the CRDS-and IRMSmeasurements, each water sample was analyzed a total of 3 times, and the analytical result of each sample was calculated from the 3 measurements. The analytical results of JBWs are summarized in Table 2 . The standard errors (1σ mean ; the external errors) of δ 18 O of the analytical results obtained using the CRDS method were somewhat larger than those obtained using the IRMS. On the LGR other hand, those of δD are almost comparable to those obtained using the IRMS method (Table 2 ). This completely agrees with the measurements with the OA-ICOS method (Maruyama et al., 2013) . In the CRDS-measurements, the δD values calibrated using the LGR-WSs were heavier (JBW-1 and -2) or lighter (JBW-3 ~ -7) by up to 0.3‰, whereas all of δ 18 O values were lighter by 0.17-0.27‰, respectively, than those obtained using the IRMS method (Table 2) . On the other hand, the δD and δ 18 O values calibrated by the RIHN WSs were 0.2-0.8‰ and 0.02-0.11‰ heavier, respectively (Table 2 ). In the CRDS-measurements of the JBWs, a difference appears to exist in the analytical results calibrated with the LGR-WSs and the RIHN WSs. Both of the LGR-WSs (#3, 4, and 5) and RIHN-WSs were fairly low in electric conductivity, and almost neutral (Table 1) . Therefore it is unlikely that the difference in the analytical results reflected the chemical properties of the waters. Moreover, all analytical values shown in Table 2 were processed using the same calculating method described above. The other explanation is needed.
As analogic materials of snow/ice samples from Japan (e.g., δ
18 O = -22 ~ -8‰ in snow layers of Murododaira, the Northern Japan Alps; Toyama et al., 2005) , the water isotopic ratios of seven spring water samples from Siberia, which were previously analyzed using the IRMS, were re-analyzed using the CRDS instrument. The analytical results are summarized in Table 3 . In the CRDSmeasurements, each sample was filled in a single vial. The LGR-WSs were used for calibration. In the IRMSmeasurements, each sample was analyzed a total of 4 times, and the analytical result of each sample was calculated from the 4 measurements. The LGR-WSs were used for calibration of the analytical results of hydrogen isotopic ratios, whereas the RIHN-WSs were used for that of oxygen isotopic ratios. The water isotopic ratios of all working standards are heavier than those of the Siberian samples, hence the calibrated values depended on extrapolation. The 1σ mean values of the CRDS-measurements shown in Table 3 were the internal errors obtained from the last 3 measurements of 6-repeated measurements of each sample, which are almost comparable to the standard errors of 4-repeated analyses (1σ mean ; the external errors) of the individual samples using the IRMS.
The differences of the δD and δ 18 O values of Siberian waters between the CRDS and the IRMS methods are less than 0.5‰ and 0.21‰, respectively. The difference in the analytical results of the JBWs may result from the instrumental conditions (temporal instability of the electronic devices of the instruments, deterioration of an injection septum and/or a syringe used etc.) and/or some unrecognizable problems about handling of the water samples rather than the problems of the working standards such as contamination by atmospheric moisture.
Practically, the δD values obtained using the CRDSmeasurement are close to those of the IRMS-measurements. The difference of δ 18 O values by less than 0.3‰ from those of the IRMS-measurements probably has little effect on geochemical researches of water that require a large number of samples (e.g., water-isotopic mapping of particular regions). The CRDS method is also applicable to a wide range of environmental researches (e.g., a study of improvement of agricultural water management).
The CRDS results may be sometimes difficult to discuss geological researches such as detailed paleoenvironmental reconstruction using the water isotopic ratios of ice cores and the water mixing in the ocean, because these investigations need higher accuracy and precision of analysis which should be less than 0.1‰. Considering the accuracy and precision of the CRDS method, it is better to cross-check the CRDS-analytical results occasionally with those obtained using the IRMS method in addition to check of qualities of analytical results by repeated measurements using the same CRDS instrument.
CONCLUSION
The differences of the δD and δ
18 O values between the CRDS and the IRMS methods were found to be less than 0.8‰ and 0.3‰, respectively, for fresh water samples whose δ
18 O values were heavier than about -24‰. The isotopic variations obtained using the CRDS method are good enough for hydrogeochemical studies, for the method is easy and quick to obtain data. In particular, the CRDS technique is definitely suitable for geochemical researches such as the regional isotope mapping of surface and ground waters. The CRDS technique as well as the OA-ICOS technique can be a good alternative to the IRMS techniques for measurements of the water isotope ratios, in terms of acceptable precision, easy operation, and reliability of analytical results, if careful precaution on the instrumental conditions is taken into consideration.
